Background: 8-Oxoguanine DNA-glycosylase 1 (OGG1) and mutY DNA glycosylase (MUTYH) are crucial in the repair of the oxidative DNA lesion 7,8-dihydro-8-oxoguanine caused by hypoxia-reoxygenation injury. Our objective was to compare the gene expression changes after hypoxia-reoxygenation in neonatal Ogg1-Mutyh double knockout mice (OM) and wildtype mice (WT), and study the gene response in OM after hyperoxic reoxygenation compared to normoxic. Methods: Postnatal day 7 mice were subjected to 2 h of hypoxia (8% O 2 ) followed by reoxygenation in either 60% O 2 or air, and sacrificed right after completed reoxygenation (T0h) or after 72 h (T72h). The gene expression of 44 a priori selected genes was examined in the hippocampus/ striatum and lung. Results: We found that OM had an altered gene response compared to WT in 21 genes in the brain and 24 genes in the lung. OM had a lower expression than WT of inflammatory genes in the brain at T0h, and higher expression at T72h in both the brain and lung. In the lung of OM, five genes were differentially expressed after hyperoxic reoxygenation compared to normoxic.
Introduction
7,8-Dihydro-8-oxoguanine (8-oxoG) is the most common oxidative DNA base lesion [1] . In replication, 8-oxoG can mispair with an A instead of a C, and thus lead to G:C to A:T transversions. Mice deficient in repair of 8-oxoG have increased frequencies of germline mutations [2] . Hypoxiareoxygenation injury after neonatal asphyxia leads to oxidative stress and oxidative DNA damage [3] , and hyperoxic reoxygenation increases the oxidative stress [4] . Epidemiological studies have found an association between resuscitation with oxygen at birth and later increased risk of childhood cancer [5, 6] .
The base excision repair (BER) pathway is the main pathway for the repair of small, non-bulky oxidative DNA lesions. 8-Oxoguanine DNA-glycosylase 1 (OGG1) and mutY homolog (Escherichia coli) (MUTYH) are two important enzymes in the BER pathway that cooperate to repair 8-oxoG. OGG1 excises 8-oxoG paired with a C from the genome, while MUTYH excises A mispaired with 8-oxoG. Polymorphisms or mutations in both these genes have been associated with increased risk of cancer in humans [7] , including childhood acute lymphoblastic leukemia (ALL) [8] . Ogg1-Mutyh knockout mice (OM) accumulate 8-oxoG in their genome [9] , and show increased risk of G:C to A:T mutations which can lead to cancer development [10] .
Emerging evidence suggests that DNA glycosylases have other biological functions in addition to canonical DNA repair. DNA glycosylases have been implicated in epigenetic regulation, antibody diversification and suppression of virus replication [11] . OM show increased anxiety [12] , and an association has been reported between single nucleotide polymorphisms and depression [13] . Further, Ogg1 −/− and Mutyh −/− single knockout mice have shown altered inflammatory response compared to wildtype (WT) mice under various stress conditions (summarized by Sampath [7] ). However, this study is the first to report changes in the inflammatory gene response after a hypoxiareoxygenation event in DNA glycosylase-deficient mutants. The brain and the lung are frequently affected after neonatal asphyxia [14] , and the hippocampus and striatum are especially vulnerable to hypoxia-reoxygenation insults [15] . We have previously reported the temporal patterns of gene expression in the hippocampus/striatum and lung of WT mice subjected to hypoxia-reoxygenation [16, 17] . In the brain, hyperoxic reoxygenation resulted in an augmented stress and inflammatory gene response, and decreased downregulation of the DNA glycosylase Neil3 [16] . In the lung, hypoxia-reoxygenation showed an early downregulation of inflammatory and BER pathway genes and an antiapoptotic gene expression pattern [17] . To explore the effect of oxidative DNA damage after hypoxia-reoxygenation, we studied the differences in gene expression in the hippocampus/striatum and lung after hypoxia-reoxygenation in OM mice compared to WT. Forty-four a priori selected genes involved in inflammation, stress response, apoptosis, cell cycle regulation and vascular response were examined (Table 1) . Next, we compared the gene expression changes after hyperoxic or normoxic reoxygenation in OM.
Materials and methods

Animals
Ogg1
−/− and Mutyh −/− mice were developed [18, 19] and generously donated by Klungland and Nakabeppu, and crossed to obtain the Ogg1 −/− /Mutyh −/− used in the experiments. C57BL/6J mice (WT) from Taconic (Tornbjerg, Denmark) were bred and harbored under the conditions described [16] . Experiments were approved by the Norwegian Animal Research Authority, and the animals were handled in accordance with Norwegian legislation and Directive 2010/63/EU. One hundred and twenty-four pups were used in the experiments [OM n = 44, WT n = 63, mortality OM n = 6 (12%), WT n = 11 (15%)]. For 42 of the WT mice, the gene expression changes in the brain and the lungs have been reported previously [16, 17] .
Experimental model
The experimental model has previously been described in detail [16, 20] . Postnatal day 7 (P7) mice pups of both sexes (day of discovery = P1) were randomized to hypoxia (8% O 2 ) for 2 h or controls were kept in air (Figure 1 ). The hypoxia group was randomized to reoxygenation with either 60% O 2 (H60) or air (H21). Mice were sacrificed right after completed reoxygenation (T0h) or after 72 h (T72h) to examine the early and late response. The hippocampus/striatum and lung were harvested, snap frozen in liquid nitrogen and stored at −79 °C.
Real time RT-PCR
Total RNA was extracted from the hippocampus/striatum or whole lung homogenates, reverse transcribed to cDNA and amplified as described previously [20] . Polr2a and Ubc were chosen as reference genes in the brain samples and Actb and Ubc in the lung samples, based on an endogenous control pilot [16, 17] . Custom TaqMan array microfluidic cards (Thermo Fisher Scientific, Waltham, MA, USA) were designed with 44 target genes suitable for brain and lung tissue [list of assays in Supplementary Methods (online)], three reference genes and one manufacturer control. The 44 target genes were chosen based on a pilot study [16] and previous studies [20, 21] . Gene expression changes were evaluated using the comparative C T method of relative quantification (2 −ΔΔCT ) [22] . WT intervention animals were compared to WT controls and OM intervention animals to OM controls. Normalized ΔC T -values were used when comparing the gene expression of OM and WT control animals.
Statistical analysis
All statistical analyses were performed with PASW statistics 19 (IBM, Armonk, NY, USA). Single time point comparisons between OM and WT were performed with Student's t-test or Mann-Whitney U-test depending on the distribution of the data. When there were no significant differences between H60 and H21, the intervention animals were analyzed together in the subgroups. The chi-squared test or Fisher's exact test was used to compare categorical variables between groups. When comparing H21 and H60 in the OM, a general linear model was used with time and reoxygenation as fixed factors and Bonferroni post-hoc correction according to the procedure outlined in [16] , and for Cxcl10, the Mann-Whitney U-test was performed at single time points. Two-sided P-values with P < 0.05 were considered statistically significant. Data are given as mean difference [confidence interval (CI)], unless otherwise stated. All graphs were made using GraphPad Prism 6 (GraphPad, La Jolla, CA, USA). Numerical values of the results are available in Supplementary Tables S1 and S2 (online).
Results
Animals
Neonatal OM and WT mice showed different characteristics. The OM mice weighed significantly less than the WT mice at the start of the experiment on P7 [OM mean weight 3.2 g (standard deviation, SD 0.57), WT 3.9 g (SD 0.61), P = 0.0], and the OM litters were smaller [OM mean 4.6 pups (SD 1.3), WT mean 6.2 pups (SD 2.0), P = 0.005]. There were more male than female mice in the OM groups, and more female than male mice in the WT groups (OM: male n = 30, female n = 13, one missing value; WT: female n = 38, male n = 25, P = 0.002). Trp53 also included in the cell cycle arrest group in the comparisons.
Comparison of normalized ΔC T values of control animals
When comparing the normalized ΔC T values of OM and WT controls, there were differences in gene expression in 18 of the 44 examined genes in the hippocampus/striatum. At T0h, five genes had lower expression in OM than WT while two had higher expression in OM. At T72h, five genes had lower gene expression in OM than WT. One gene had lower expression in OM at both T0h and T72h. When comparing all OM/WT controls together, seven had lower expression in OM than WT, and five had higher expression in OM (Table 2) .
In the lung, there were differences in gene expression when comparing OM and WT controls in 24 of the 44 genes. At T0h, six genes had lower expression in OM than WT while four had higher expression in OM. At T72h, four genes had lower expression in OM than WT and three genes had higher expression in OM. When comparing all OM/WT controls together, 12 had lower expression in OM than WT while six had higher expression in OM (Table 3) .
There were differences in gene expression in the inflammatory genes in both the brain and the lung when comparing OM and WT controls. At either T0h or T72h, OM controls had lower expression than WT in five inflammatory and stress responsive genes in the brain and 10 in the lung, while OM controls had higher expression than WT in five genes in the brain and two in the lung (Tables 2 and 3 ). The hippocampus/striatum and lung were harvested and snap frozen in liquid nitrogen and stored at −79 °. One WT mouse was only analyzed in the hippocampus/striatum or lung for technical reasons, but all the other mice had both organs analyzed.
Comparison of the gene expression changes in the brain of OM and WT mice
When comparing the gene expression changes in the hippocampus/striatum of OM and WT after hypoxia-reoxygenation (Figure 1 ), 21 of the 44 examined genes were differentially expressed between OM and WT. At T0h, 14 genes showed higher expression in WT than OM, while at T72h, nine genes showed higher expression in OM than WT and two genes showed higher expression in WT than OM (Figure 2A ). Fifteen of the 23 genes related to inflammation and stress response were differentially expressed between OM and WT mice in the hippocampus/striatum [list of gene names in Table 1 , numerical data in Supplementary Table S1 (online)]. At T0h, 10 genes showed higher expression in WT than OM ( Figure 2B and E), while at T72h, seven genes showed higher expression in OM than WT, and one gene had higher expression in WT than OM ( Figure 2B and E).
At T0h, only one among the 11 examined genes involved in apoptosis showed increased apoptosis in WT compared to OM in the hippocampus/striatum ( Figure 2C ). At T72h, one gene showed increased apoptosis in OM, and one increased apoptosis in WT mice ( Figure 2C) .
Four of the seven genes involved in cell cycle arrest were differentially expressed in OM and WT mice in the Inflammatory and stress responsive genes. In italics: OM had higher gene expression than WT at the same time point. In Bold: OM had lower gene expression than WT at the same time point. brain [Supplementary Table S1 (online)]. At T0h, two genes showed more cell cycle arrest in OM than WT, while at T72h, one gene showed more cell cycle arrest in OM than WT, and two showed more cell cycle arrest in WT than OM ( Figure 2D ).
There were no differences between OM and WT in any of the examined genes involved in DNA repair.
Comparison of gene expression changes in the lung of OM and WT mice
In the lung, 24 of the 44 examined genes were differentially expressed when comparing OM and WT [Supplementary Table S2 (online)]. At T0h, eight genes showed higher expression in OM than WT, and three showed Cell cycle arrest T0h
Cell cycle arrest T72h
Figure 2: Number of genes with differential expression in OM and WT in the hippocampus/striatum. (A) Total number of genes with changes. At T0h, 14 genes had higher expression in WT than OM (dark gray area) while there was no difference in 30 genes (light gray area). At T72h, nine genes had higher expression in OM than WT (black area) and two genes had higher expression in WT than OM (dark gray area). (B) Of the 23 genes related to inflammation and stress response (list of genes in Table 1 ), at T0h, 10 genes had higher expression in WT than OM (dark gray), while at T72h, seven genes had higher expression in OM than WT (black) and only one had higher expression in WT than OM (dark gray). (C) Of the 11 genes related to apoptosis examined (list in Table 1 ), only one gene suggested increased apoptosis in WT compared to OM at T0h and T72h (dark gray), and at T72h, one gene also suggested more apoptosis in OM (black). (D) Of the seven genes related to cell cycle arrest (list in Table 1 ), at T0h, two suggested increased arrest in OM (black). At T72h, one gene suggested increased arrest in OM (black) and two in WT (dark gray). (E) Differences in gene expression between OM and WT in inflammatory genes exemplified by Ccl12 and Cxcl10. At T0h, both genes had higher expression in WT (gray bars) than OM (black bars), while at T72h both genes had higher expression in OM. Data are presented as fold change (RQ) compared to controls, mean (CI) for Ccl12 and median [interquartile range (IQR)] for Cxcl10. † P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05 when comparing OM and WT. Number of intervention animals: OM T0h n = 17, T72h n = 16; WT T0h n = 23, T72h n = 24. Number of control animals: OM T0h n = 6, T72h n = 5; WT n = 8 at both time points.
higher expression in WT than OM. At T72h, 15 genes showed higher expression in OM than WT and only two showed higher expression in WT than OM ( Figure 3A) .
Fifteen of the 23 examined genes involved in inflammation and stress response were differentially expressed in OM compared to WT (list of genes in Table 1 ). At T0h, three genes showed higher expression in OM than WT and one gene showed higher expression in WT than OM. At T72h, 13 genes showed higher expression in OM than WT mice ( Figure 3B and E) .
Seven of the 11 examined genes involved in apoptosis were differentially expressed when comparing OM and WT in the lung (list in Table 1 ). At T0h, four genes showed increased apoptosis in OM compared to WT (Figure 3C and F). At T72h, three genes showed increased apoptosis in OM compared to WT, while two showed increased apoptosis in WT compared to OM ( Figure 3C and F) .
Four of the seven examined genes involved in cell cycle arrest were differentially expressed in OM and WT mice (list in Table 1 ). At T0h, two genes showed increased cell cycle arrest in OM compared to WT, and two genes showed increased arrest in WT compared to OM ( Figure  3D and F). At T72h, two genes showed increased cell cycle arrest in WT compared to OM ( Figure 3D and F) .
Differences in gene expression changes after reoxygenation with 60% O 2 and air in the OM mice
We compared the gene expression changes in the OM knockout mice after reoxygenation with 60% O 2 or air. In the brain, there were no significant differences in gene expression due to the reoxygenation mode.
In the lung, there were five genes that were differentially expressed after reoxygenation in 60% O 2 compared to air (Figure 4 ), four in a regression model examining the effect of hyperoxic reoxygenation after hypoxia, and one when examining at T72h. The chemokines Ccl5 and Cxcl10 were less upregulated after hyperoxic reoxygenation [Ccl5 mean diff. 
Discussion
In this study, we present that neonatal OM mice have an altered inflammatory gene response compared to WT mice after hypoxia-reoxygenation. The altered inflammatory gene response was demonstrated both in the hippocampus/striatum and the lung of OM compared to WT mice, but there were marked differences between the changes in the two organs.
In the brain, there was a weaker inflammatory gene response in OM compared to WT mice immediately after completed reoxygenation. Three days after hypoxia-reoxygenation there was a higher expression of inflammatory genes in the OM mice. In the lung, the OM mice had a higher expression of inflammatory genes at both time points. Also in the control animals, there were differences in the expression of inflammatory genes between OM and WT in both brain and lung. To the best of our knowledge, this is the first time an altered inflammatory response in OM mice has been reported after neonatal hypoxia-reoxygenation.
Other groups have also found differences in inflammatory response related to Ogg1 and Mutyh (reviewed in Sampath [7] ). We found decreased early expression of inflammatory genes in the brain of OM mice. Decreased inflammatory response has also been reported in Ogg1 single knockout in several other models [23] [24] [25] [26] and also a decreased mutagenic effect of Helicobacter pylori [26] . Polymorphisms in either Ogg1, Myh (Mutyh) or nudix hydrolase 1 have been related to low levels of inflammation and high levels of 8-oxoG buildup [27] .
After 3 days, we found a higher expression of inflammatory genes in the brain of OM mice compared to WT. It has previously been reported that Ogg1 −/− had an increased infarct size 48 h after hypoxic-ischemic insults [28] , and one can speculate if this is because of the increased late inflammatory gene activation.
In the lung, we found an increase in the expression of inflammatory genes in OM compared to WT in the lung right after the intervention, and more extensively after 3 days. In conflict with our results, in two models of allergic lung inflammation, Ogg1 −/− had decreased inflammatory response [29, 30] . In the intestine, Ogg1 −/− and Mutyh −/− single knockouts had increased intestinal tumor incidence and volume in oxidative stress models [19, 31] . Single nucleotide polymorphisms of the MUTYH gene has been associated with higher levels of proinflammatory cytokines in patients undergoing dialysis [32] .
Even in the control animals, there were differences in the expression of the inflammatory genes between WT and OM. Previously, it has been reported that increased (A) Total number of genes changed when comparing gene expression in the lung of OM and WT mice. At T0h, eight genes had higher expression in OM than WT (black area), while three genes had higher expression in WT than OM (dark gray area) and 33 genes had no difference in expression (light gray area). At T72h, 15 genes had higher expression in OM than WT (black), and two genes had higher expression in WT than OM (dark gray). (B) Of the 23 genes related to inflammation and stress response (list in Table 1 ), at T0h, three had higher expression in OM than WT (black), while at T72h, 13 had higher expression in OM than WT (black). (C) Of the 11 genes related to apoptosis (list in Table 1 ), four suggested increased apoptosis at T0h in OM compared to WT (black). At T72, three suggested increased apoptosis in OM (black) and two suggested increased apoptosis in WT (dark gray). (D) Of the seven genes related to cell cycle arrest (list in Table 1 ), two suggested increased arrest in OM (black) at T0h, while at both T0h and T72h, two suggested increased arrest in WT (dark gray). (E) Differences between OM and WT in inflammatory and stress response genes exemplified with Ccl12, Il6 and Sod1. Both at T0h and T72h OM (black bars) had higher gene expression changes than WT (gray bars). (F) Differences between OM and WT in apoptosis and cell cycle arrest related genes exemplified with Bax (proapototic gene), Trp53 (proapoptotic and cell cycle arrest inducer) and Chek1 (cell cycle arrest inducer). At T0h, the genes had higher expression in OM (black bars) than WT (gray bars) suggesting increased apoptosis and cell cycle arrest, while at T72h, WT had higher expression than OM suggesting less apoptosis and cell cycle arrest in OM. Data in (E) and (F) are presented as fold change (RQ), mean (CI). *P ≤ 0.05, **P ≤ 0.01, † P ≤ 0.001 when comparing OM and WT. Number of intervention animals: OM T0h n = 17, T72h n = 16; WT T0h n = 24, T72h n = 23. Number of control animals: OM T0h n = 6, T72h n = 5; WT n = 8 at both time points.
inflammatory markers in healthy controls with single nucleotide polymorphisms in the MUTYH gene [32] , in the pancreas of Ogg1 −/− control animals [24] , altered inflammatory markers in the colon of Mutyh −/− control animals [25] and increased inflammatory markers in the lung of Ogg1 −/− control animals compared to WT [29] . It is apparent that Ogg1 and Mutyh are involved in the inflammatory process, but whether Ogg1 and Mutyh attenuate or increase the inflammatory response is yet to be determined, and the conclusion might differ in different models and organs.
The mechanisms behind the altered inflammatory response in Ogg1/Mutyh knockout have not been fully elucidated. In recent years, it has been reported that Ogg1 is induced by Stat1 and is a cofactor to Stat1 in inducing an inflammatory response [23] . Repair of oxidative DNA damage by Ogg1 has been reported to induce inflammation through an Ogg1-KRAS-Nfkb pathway [33] , and Ogg1 augments inflammatory gene expression through recruitment of transcription factors to promoter regions of key genes [34] . Mutyh −/− mice have been reported to have a compromised maturation of myeloid-derived progenitors of antigen-presenting cells and increased expression of proinflammatory cytokines [35] . It has also been reported that OGG1 is involved in stress-induced DNA demethylation [36] and epigenetic regulation [37] .
In the OM knockout, the effect of hyperoxic compared to normoxic reoxygenation was different from that of WT mice reported earlier [16, 17] . We found no differences in gene expression changes after hyperoxic compared to normoxic reoxygenation following hypoxia in the hippocampus/striatum of OM mice. In WT mice, five genes related to inflammation had increased gene expression changes after hyperoxic compared to normoxic reoxygenation [16] . Maybe the general downregulation of inflammatory genes in the brain of OM compared to WT right after completed reoxygenation might explain the lack of induced inflammatory gene activation by hyperoxia in OM.
In the lung, five genes related to inflammation, apoptosis and vascular remodeling had differences in gene expression changes in OM after hyperoxic compared to normoxic reoxygenation, and all had gene expression closer to controls. Only two inflammatory genes had differences in expression after hyperoxic reoxygenation in WT [17] . It seems that hyperoxic reoxygenation influences In OM mice lungs, there were five genes with differential gene expression changes after hyperoxic (OMH60) and normoxic (OMH21) reoxygenation. In all the genes, the gene expression changes of mice after hyperoxic reoxygenation were closer to the expression of controls, either less upregulated or less downregulated. In Cxcl10, OMH21 was more upregulated than OMH60 at T72h, in the other four genes there was a significant effect of the reoxygenation mode when comparing OMH60 and OMH21 in a regression model. Data are presented as fold change (RQ), mean (CI), except for Cxcl10 where data are presented as median (IQR). Solid lines: mice subjected to hypoxia and reoxygenation in 60% O 2 . Dashed lines: mice subjected to hypoxia and reoxygenation in air. Dotted line: average fold change of controls of 1. T0h: mice sacrificed right after completed reoxygenation, H60 n = 9, H21 n = 8. T72h: mice sacrificed 3 days after completed reoxygenation, H60 n = 9, H21 n = 8. § P < 0.05 when comparing OMH60 and OMH21 in a regression model. *P < 0.05 when comparing OMH60 vs. OMH21 at one time point.
gene expression differently in the brain and the lung, and the importance of OM with regard to hyperoxia is also different in the two organs.
There were severe breeding difficulties with the OM mice, and thus it was difficult to obtain enough animals for the experiments. We had to use all eligible animals of both sexes born, and unfortunately there was a difference in the male/female ratio between the OM and WT mice that was discovered after the experiments had been completed. However, we preferred having equal group sizes to excluding animals from the calculations to make the number of male/female equal. Smaller litters and lower weight of OM mice at the start of the experiments might also influence the gene expression. Because of the breeding difficulties, it was not possible to obtain enough animals to examine protein concentrations, and the strain was backcrossed with C57BL/6 when our experiments were completed, and thus the same strain is not available anymore. However, in the wildtype mice, there was good correlation between inflammatory gene response and protein concentration [16, 17] . Because of the breeding difficulties, we were not able to perform histo-pathological examinations of the OM mice, and compare histo-pathological examinations in the two mice strains. This would be very interesting to examine in future studies.
In conclusion, in this paper we report that Ogg1 and Mutyh in combination protect against an augmented inflammatory gene response in the hippocampus/striatum and lung 3 days after a neonatal hypoxia-reoxygenation event. Our results suggest that Ogg1 and Mutyh play a role in pro-inflammatory activation. Further research into the effect of Ogg1 and Mutyh on inflammation might give insight into new disease mechanisms of hypoxia-reoxygenation injury in the newborn.
